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Abstract:
This is a literature review on previous research conducted on particulate matter deposited
on urban vegetation. This was accomplished by searching six databases, that uncovered 37 peerreviewed journal articles. The main objective of this review is to present the methodology and
findings of the articles analyzed to demonstrate how research in this area of study is being
conducted. The findings show that there are variations in the literature and that many variables are
not being incorporated into the methods and analyses of particulate matter found on urban
vegetation. Understanding how different studies have analyzed particulate matter found on urban
vegetation will be essential in determining if a standard method should be implemented to produce
more consistent data and results. This will be vital in determining which plants and trees can reduce
the most harmful pollutants in urban areas and as a result improve air quality.

1. Overview
According to the World Health Organization (WHO), approximately 4.6 million people die
each year from causes directly related to air pollution (WHO et al., 2005). Children seem to be
particularly susceptible to air pollution because of their developing heart and lungs (Salvi et al.,
2007). Short-term exposure to air pollution can cause an increase in cardiopulmonary diseases,
while long-term exposure can lead to chronic diseases, such as lung cancer, resulting in reduction
of life expectancy (WHO et al., 2005).
Air pollution is mainly of anthropogenic origin. That is, vehicular traffic and component
wear (Yang et al., 2018). The main components of air pollution are particulates, ozone (O3),
nitrogen dioxide (NO2), and sulfur dioxide (SO2). Particulate matter (PM) is a complex mixture of
small particles (~μm) and liquid droplets that consist of organic chemicals (e.g. VOCs and PAHs),
inorganic metals (e.g. Cd, Zn, Cr, Cu, As, and Pb), acids (e.g. nitrates and sulfates), and other
substances (Lindley et al., 2012). The size or aerodynamic diameter of PM is an important
characteristic because it determines its behavior and toxicity in the human body and other
biological species. Smaller particles, less than 2.5 μm in diameter can easily penetrate deep into
our respiratory and circulatory system, damaging our lungs, heart, and brain (WHO et al., 2005;
Burkhardt et al., 2018).
Particulates are often defined as coarse (PM 2.5 - 10 μm), fine (PM 0.1 – 2.5 μm), and ultra-fine (≤
PM 0.1 μm). Some heavy metals are essential to maintain normal human body functions at trace
amounts. However, they may be dangerous or even toxic if present at higher concentrations. Heavy
metals such as lead, cadmium, zinc, and arsenic are substantially toxic elements known for their
ability to bioaccumulate in the human body, resulting in multi-organ disruption (Sæbø et al., 2012).
For example, once cadmium is absorbed into the human body, it can accumulate in the kidneys
and remain in the body for decades (EPA et al., 2012).
Plants and trees have been shown to play an important role in ﬁltering ambient air. This
removal of pollution from the environment is called phytoremediation. Phytoremediation has been
shown to be a solution for air quality improvements due to this technique being easy to introduce,
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relatively inexpensive, and an environmentally friendly biotechnology (Dzierżanowski et al.,
2011). The four processes that are responsible for the deposition process of PM are sedimentation
under gravity, diffusion, turbulent transfer, which contributes to impaction and interception
(Petroff et al., 2008). In addition, the structure of tree crowns can cause turbulent air movements
which can result in an increase in the PM deposition process onto leaves (Fowler et al., 1989).
Studies have shown that trees, plants, and other vegetation are highly effective at accumulating
many of these toxic PMs found in urban areas. For example, Acer pseudo platanus L. has been
used as a bioindicator for assessing air contamination (André et al., 2012) in urban ecosystems in
Europe, and Quercus ilex L. has been used as a bio-accumulator for heavy metals in urban areas
(Ugolini et al., 2013).
Studies have demonstrated that this technique can purify air and can increase the air
quality and as a result, could increase life expectancy (Sæbø et al., 2012; Dzierżanowski et al.,
2011). One study measured that 772 tons of PM10 was removed by trees during one year in the
city center of Beijing, China (Yang et al., 2005). Two studies conducted in Chicago, Illinois used
a model, called the iTree model, to determine that urban trees that occupy approximately 11% of
the metro area removed about 234 tons of PM10 from the environment (Nowak et al., 1994) and
in the United States, urban trees remove about 215,000 tons of PM10 every year (Nowak et al.
2006). This was disputed by a research plant ecologist, Tom Whitlow, and his team because
Nowak’s model does not consider many of the variables of the deposition process. Whitlow
believes that the ability of plants and trees to accumulate PM is more dependent on dispersion
due to turbulent flow and location to pollutants. In addition, if landscape designers intend to use
trees in designing landscapes to reduce exposure to air pollution, then a simple “more trees are
better” approach is inadequate and fails to account for the deposition process of PM.
The majority of the current studies have only investigated how much PM was found on
urban vegetation and not considered how different variables will affect the amount and types of
PM found on urban vegetation. Such as, environment, sampling techniques, analytical methods,
deposition process, and among other important variables. Therefore, the aims of this study are to
compare methodologies & findings of peer-reviewed journal articles to determine if there are
disagreements in the literature and conclude if there needs to be an implemented method to ensure
more accurate results. This could aid in determining which plants and trees can reduce the most
harmful pollutants in urban areas and as a result improve air quality.

2. Methodology
2.1. Overview
Two main procedures were followed to ensure a high-quality review of the literature. First,
a comprehensive search of peer-reviewed journal articles was conducted based on a wide range of
key terms including air pollutants, phytoremediation, leaf surfaces, quantification of PM, coarse
and fine particulates, urban deposition, bioindicators, and air quality. Six databases were searched
including ResearchGate, Portland State University, Google Scholar, Web of Science, JSTOR, My
Science Work, and ScienceDirect. Second, the reference section for each article found was
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examined in-order to find additional relevant journal articles. The search process uncovered 37
peer-reviewed journal articles published from 1989 - 2018.

2.2. Analysis of Articles Collected
Of the 37 peer-reviewed articles found on urban deposition, PM accumulation, and air
quality, 12 articles specifically investigated PM found on leaf surfaces. An analysis of the 12
studies, revealed five particular areas of focus that will be included in this review: (1)
geographical location, (2) purpose of study, (3) type of urban vegetative species analyzed, (4)
method of quantification of PM, and (5) what urban vegetation species were most effective and
least effective at accumulating and retaining PM. In addition, a comparison of the results of
studies that used the same urban species is included in this review. These key areas of focus were
then used to determine similarities and inconsistencies between each of these studies, in-order to
establish if there are variations in the literature and if there needs to be an implemented method
to ensure more accurate conclusions.

3. Results
3.1 Geographical Location of Studies
A World map of the studies critically analyzed in this literature review are shown in the
Appendix, on page 12.

3.2 Methods and Results of Studies Analyzed
A table of publications, methods of quantification, sample species, geographical location,
and the most & least effective species in PM accumulation determined by the amount of PM found
on the surfaces of the leaves is shown in the Appendix, on page 14.

3.3 Purpose of Current Studies
The leading studies performed in this field have focused on many different aspects of urban
vegetation and PM accumulation. For instance, one study focused on examining the chemical
characterization of different leaf surfaces and in-wax fractions to determine the concentrations of
PM found on different species of urban vegetation (Deljanin et al., 2015). Another study assessed
the differences between the PM concentrations found on the leaves of twelve plant species but
collected samples from six different locations to determine differences due to location (Liang et
al., 2017). In addition, the retention efficiency to PM of different tree species was investigated by
using three elution methods to determine what tree species is more efficient at retaining PM (Liu
et al., 2018). But, the majority of the studies performed have focused more on the total amount of
PM deposited on the surface of the leaves by comparing different species of trees, shrubs, climbers,
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and other urban vegetation to determine the most and least effective species at accumulating PM
(Dzierżanowski et al., 2011; Esposito et. al, 2018; Jouraeva et al., 2002; Sæbø et al., 2012; Shi et
al., 2017).

3.4 Methods of Quantification
A number of techniques have been used to determine the amount of PM found on leaf
surfaces. Because of this, many discrepancies have occurred which have generated inconsistent
data and conclusions. For example, two studies were conducted in Beijing, China using the same
three broad-leaf tree species; Salix babylonica, Ginkgo biloba, and Sophora japonica, as shown in
the Appendix, on page 13. (Liu et al., 2018; Shi et al., 2017). Two different analytical techniques
were used to quantify the PM composition and concentration deposited on the leaf surfaces of
these tree species via ultrasonic cleaning with Gravimetric Analysis (GA) and X-Ray Fluorescence
– Energy Dispersive Spectroscopy (XRF-EDS), respectively. The studies used the same sample
location (Xitucheng Park, China) and concluded different results. Liu et al., concluded that
Sophora japonica was the most effective at retaining fine-PM and Salix babylonica was the most
efficient at retaining coarse-PM. The least effective at retaining all types of PM sizes was found to
be Ginkgo biloba. Shi et al., determined that Sophora japonica was most effective at capturing
ultrafine-PM, but not fine-PM, and Salix babylonica and Ginkgo biloba were most effective at
fine-PM. E. japonicus was the most effective at capturing and retaining all sizes of PM. This also
contradicts a similar study that determined Ginkgo biloba had the lowest concentration of PM
(Liang et al., 2017). This demonstrates that using the same sample location and different analytical
techniques produced variations in the findings. As a result, no conclusion can be made which urban
species was the most and least effective at accumulating PM.
There have been many analytical techniques used to determine the amount of PM on urban
leaf surfaces, including Graphite Furnace – Atomic Absorption Spectroscopy (GF-AAS) (Esposito
et. al, 2018), Flame – AAS (FAAS) (Tavakoli-Hosseinabady et al., 2018), Scanning Electron
Microscope – Energy Dispersive Spectroscopy (SEM-EDS) (Deljanin et al., 2015), Inductively
Coupled Plasma – Mass Spectroscopy (ICP-MS) (Liang et al., 2017), and ICP – Atomic Emission
Spectroscopy (ICP-AES) (Jouraeva et al., 2002). Each of these techniques have their own possible
sources of error which could cause many of the inconsistences found in the studies analyzed in
this review.

3.5 Efficiency of Species Accumulation of PM
Trees have been shown to be considered the most effective type of vegetation for
accumulating PM (Deljanin et al., 2015; Jouraeva et al. 2002). One study revealed that this is the
case due to their large total leaf surface area (McDonald et al. 2007). It has also been shown that
leaves of broad-leaved species with rough surfaces are more effective in capturing PM than leaves
with smooth surfaces (Beckett et al., 2000). Additionally, needles of coniferous trees, produce a
thicker epicuticular wax layer resulting in being more effective in PM accumulation than broadP a g e 5 | 15

leaved species (Beckett et al., 1998). According to these studies the ideal urban vegetative species
for accumulating PM are species that have large broad-rough leaves and/or a thick epicuticular
wax layer. Although these studies have shown that this may be true, other studies have shown that
this is inconsistent. Dzierżanowskiz et al., determined that large branchy-leaved trees were the
least effective at PM accumulation and multiple studies concluded that small shrubs with dense
leaves were the most effective in PM accumulation (Dzierżanowski et al., 2011; Sæbø et al., 2012;
Shi et al., 2017; Liu et al., 2018).

3.6 Different Findings for Same Tree Species
A study by Jouraeva et. al. demonstrated that leaves of Tilia spp., a Linden tree, possessed
a higher ability to remove PM from the atmosphere than leaves from Pyrus calleryana, a pear tree,
and that this ability is not associated with leaf size or the amount of wax on leaves, as shown in
the Appendix, on page 13. This is inconsistent with a study that concluded that Pyrus calleryana
had the highest accumulation of PM (Sæbø et al., 2012). The potential of wax in trapping particles
may be dependent more on the chemical composition and structure of the epicuticular wax layer,
which are species-speciﬁc traits (Post-Beittenmiller 1996; Kaupp et al. 2000; Jouraeva et al. 2002),
than on wax quantity. One study also concluded that Tilia spp. was the most effective at
accumulating PM (Deljanin et al., 2015), but Sæbø et al. concluded that Tilia spp. had the lowest
PM accumulation. Hence, there is no correlation between PM accumulation due to leaf surface
roughness or leaf size. These studies demonstrated that there are many variables that need to be
considered when determining the most and least effective urban species in PM accumulation.

3.7 Two Comparable Studies by Dzierżanowski and Sæbø
Two studies performed in Europe investigated the accumulation abilities of the same urban
species, specifically, Tilia cordata a tree, Spiraea japonica and Forsythia × intermedia Zabel two
species of shrubs, and Hedera helix L a climber species, as shown in the Appendix, on page 13
(Dzierżanowski et al., 2011; Sæbø et al., 2012). Dzierżanowski was the chief author in the study
that included a fellow researcher Sæbø. They conducted research in Warsaw, Poland and
Stavanger, Norway. They used very similar methods for determining the amount of PM found on
these different urban species. Both studies used the same analytical technique Gravimetric
Analysis to quantify the concentration and composition of PM found on the urban vegetative
species analyzed.
Both results concluded that the shrub S. japonica with its small dense leaves had the highest
total accumulation of PM, as shown in Data Table 1 & 2. In addition, they found that S. japonica
was the most efficient of all the urban species investigated with over a two-fold difference between
shrub species at accumulating all types of PM. They believed this was because low-growing
species are more exposed to soil splash on the leaves and this could partly explain why S. japonica
had high amounts of PM found on the leaves (Sæbø et al., 2012). However, a study performed by
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Ottelé et al., did not find any significant differences in PM accumulation between sampling heights
over the range of 0.75–2.0 m.
The research presented by Dzierżanowski and Sæbø demonstrates that when using similar
methods to determine the concentration and composition of PM found on the surfaces of leaves
can produce more accurate and precise results even in different geographical locations. Their
studies help support that when conducting research in this area, a system of methodology needs to
be implemented to help produce more reliable data and avoid inconsistences in the findings.

Data Table 1: Sæbø Data of PM Accumulation for Various Urban Vegetative Species
Large PM (μg/cm2)

Coarse PM (μg/cm2)

Fine PM (μg/cm2)

Total PM (μg/cm2)

22
17

13
3.3

1.5
1.1

36.5
24.4

Forsythia intermedia
Leaf Surface:
In-wax:

13
6.0

3.5
6.0

1.5
1.1

18
13.1

Tilia cordata
Leaf Surface:
In-wax:

3.5
4.3

2.4
2.1

1.5
1.1

7.4
7.5

Urban Species
S. japonica
Leaf Surface:
In-wax:

Data Table 2: Dzierżanowski Data of PM Accumulation for Various Urban Vegetative Species
Large PM (μg/cm2)

Coarse PM (μg/cm2)

Fine PM (μg/cm2)

Total PM (μg/cm2)

12
7.0

3.3
2.8

1.5
0.85

16.8
10.65

Forsythia intermedia
Leaf Surface:
In-wax:

6.5
5.0

2.1
2.0

1.2
1.0

9.8
8.0

Tilia cordata
Leaf Surface:
In-wax:

9.0
7.5

2.5
2.1

---------

11.5
9.6

Urban Species
S. japonica
Leaf Surface:
In-wax:
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4. Conclusion
My findings do show that there are variations in the literature and that many variables need
to be included in the methods and analysis of PM accumulation. Such as, using similar analytical
techniques. In addition, the time of year the samples are collected could also have an effect on the
results. For example, two studies used the same species and locations but Shi et al., collected
samples at the end of the growing season (dry season) and Liang et al., collected samples at the
beginning of the growing season (wet season). Their results showed the samples collected at the
end of the growing season had a higher concentration of PM. This was likely due to less rainfall
eluting the PM off of the surface of the leaves. Therefore, collecting samples at different times of
the year will cause uncertainty in the results.
Another factor that should be included in the process of studying PM accumulation is the
preparation for analysis of PM. For example, Jouraeva et al., used a hot-acid microwave digestion
to remove PM for preparation of analysis and Dzierżanowski et al., implemented a rinse method
using deionized water for preparation of analysis. These different methods for preparation
demonstrated that Jouraeva et al., used the entire leaf and Dzierżanowski et al., rinsed only the
surface of the leaves. This could cause inconsistences in the results because of the amount of the
sample used to analyze. This would produce different results in the amount of PM found because
using the entire leaf is a larger sample size. These wide ranges of techniques have made it difficult
to compare the research and to determine what urban species are most and least effective at
accumulating PM. As a result, it makes it difficult in understanding what urban species have the
highest efficiency in reducing the amount of PM in urban areas.
Because researchers are not implementing a standardized method for determining the
amount of PM found on urban vegetation, we will continue to have disagreements and inconsistent
data and results in this field of study. For future research, a standardized method needs to be
implemented for analyzing PM found on urban species to help reduce the disagreements. This
knowledge will aid in determining which plants and trees can reduce the most harmful pollutants
in urban areas and consequently improve air quality. This will also assist landscape architects and
planners in designing appropriate vegetation for a particular urban area to remove the greatest
amount of PM from the atmosphere.
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Authors

Deljanin, I.

Year

2015

Publication

The Science of the Total Environment

Method of Quantification

Sample

Location

Most Effective

Least Effective

SEM-(EDS)

Trees: (Aesculus
hippocastanum,
Tilia spp., Betula pendula, &
Acer platanoides)

Belgrade, Serbia

Tilia spp.

A. hippocastanum

Warsaw, Poland

Spiraea japonica

Platanus hispanica

Dzierżanowski,
Kajetan

2011

International Journal of Phytoremediation

Gravimetric Analysis

Trees: (Acer campestre L.,
Fraxinus excelsior L., Platanus
× hispanica Mill. ex Muenchh.
Acerifolia,& Tilia cordata Mill.)
Shrubs: (Forsythia ×
intermedia Zabel,
Physocarpusopulifolius (L.)
Maxim., & Spiraea japonica L.)
Climber: (Hedera helix L.)

Esposito, F.

2018

Environmental Accounting and Management

GF-AAS

Tree: (Q. ilex L.)

Naples, Italy

-----

-----

Jouraeva, Venera A.
& David J. Nowak

2002

Environmental Pollution

ICP-AES

Trees: (Pyrus calleryana and
Tilia euchlora)

Syracuse, NY, USA

Tilia euchlora

Pyrus calleryana

Ultrasonic Rinsing and
Gravimetric Analysis

Trees: (Ginkgo biloba, Sophora
japonica, Salix babylonica,
Pinus tabuliformis, & Sabina
chinensis)

Beijing, China

S. japonica. & Salix
babylonica

Pinus tabuliformis &
Ginkgo biloba

ICP-MS and supported with
SEM

Trees: (Platanus acerifolia,
Cedrus deodara, Ginkgo
biloba, & Magnolia
grandiflora)
Shrubs: (Nerium indicum &
Pittosporum tobira)

Shanghai, China

Magnolia grandiflora

Cedrus deodara

Liu, Jinqiang

Liang, J.

2018

2017

Journal of Visualized Experiments

Urban Forestry and Urban Greening
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Sæbø, A.

Shi, Junna

Speak, A.F

2012

2017

2012

Science of Total Environment

Atmospheric Pollution Research

Atmospheric Environment

Gravimetric Analysis

22 Tree Species: (Tilia cordata
Mill, Pyrus calleryana, Acer
campestre L., Salix cinerea,
etc.)
25 Shrub Species: (Skimmia
japonica, Forsythia ×
intermedia Zabel,
Physocarpusa opulifolius L.
Maxim., Pinus sylvestris etc.)
Climber: (Hedera helix L.)

XRF-EDS and SEM

11 Tree Species: (Ginkgo
biloba, Salix babylonica,
Fraxinus chinensis, Sophora
japonica, Koelreuteria
paniculata, etc.)
Shrubs: (Sorbaria kirilowii and
Amygdalus triloba, &
Euonymus japonicus)

ICP-MS

4 greenroof species: (Agrostis
stolonifera, Festuca
rubra,Plantago lanceolata, &
Sedum album)

Stavanger, Norway &
Warsaw, Poland

Beijing, China

Manchester, England

At both sites: (S. japonica)
Trees: (P. sylvestris & B.
pendula)

In Norway: (Acer
platanoides & Tilia
cordata)
In Poland: (B. pendula
& Pyrus calleryana)

S. japonicus

Both Sites: (P.
tomentosa Carr)

Weed: (P. lanceolata)
Grasses: (A. stolanifera and
Greenroof Species:
F. rubra)
(Sedum album)
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